Abstract: This paper presents a simple strategy for controlling an interleaved boost converter that is used to reduce the current fluctuations in proton exchange membrane fuel cells, with high impact on the fuel cell lifetime. To keep the output voltage at the desired reference value under the strong fluctuations of the fuel flow rate, fuel supply pressure, and temperature, a neural network controller is developed and implemented using Matlab-Simulink (R2012b, MathWorks limited, London, UK). The advantage of this controller resides in its simplicity, where limited number of tests are carried out using Matlab-Simulink to construct it. To investigate the robustness of the proposed converter and the neural network controller, strong variations of the fuel flow rate, fuel supply pressure, temperature and air supply pressure are applied to both the fuel cell and the neural network controller of the converter. The simulation results show the effectiveness and the robustness of the both the proposed controller and converter to control the load voltage and minimize the current and voltage ripples. As a result of that, fuel cell current oscillations are considerably reduced on the one hand, while on the other hand, the load voltage is stabilized during transient variations of the fuel cell inputs.
Introduction
Fuel cell technologies are becoming used in many industrial applications due to the cleanliness, high reliability and high performance of such electrical generators [1] . During the last decades, many kinds of fuel cells were developed and used. However, the proton exchange membrane fuel cell (PEMFC) has proved to have a higher efficiency when compared to other types of fuel cells [2] . In addition to its long life time, the PEMFC is characterized by its high power density at low operating temperature [3] . Moreover, the PEMFCs have good dynamic responses during instantaneous power demand variation. Nowadays, the PEMFCs are connected to hybrid renewable energy sources with energy storage systems like batteries and super capacitors [4] . Usually, such hybrid systems are used in hybrid electric vehicles to improve the performance of the global system during the peak power demand transient and instantaneous variation [5] . PEMFCs are used in electrical and hybrid cars such as Toyota, Honda, Hyundai, Nissan and Ford fuel cells cars developed their during the last years [5] . Under no load conditions, a PEMFC cell generates a low direct current voltage, approximately 1 V/cell. Typically, a sufficient number of cells are connected in series to increase the PEMFC voltage. However, the PEMFC voltage is still not enough for high load voltage demands. To increase the PEMFC voltage with the aim to meet the requirements of the load, a boost DC-DC converter is used to control the flow of the power from the PEMFC to the load and to prevent the PEMFC from overloading [6, 7] . The power converters associated with fuel cells should have specific characteristics. Undeniably, the fuel cell is very sensitive to low and high frequency currents created by power electronic converters and loads [8] . Low and high frequency components of currents reduce the PEMFC output power and decrease the durability of the membranes [9] . To improve the lifespan of PEMFCs, many solutions were proposed to reduce the ripple and harmonic components of the current, as reported in [10] [11] [12] . One of the various proposed power converters is the multiphasing or interleaved DC-DC boost converter [13] . This converter consists of a parallel connection of simple boost converters, hence, it allows to minimize the ripple and harmonic contents of the voltage and current. The control of a multiphase interleaved boost DC-DC converter for classic voltage sources, i.e., batteries, usually consists of an inner current control loop and outer voltage control loop [14] . This kind of control has shown good performance in regulating the output voltage [15, 16] . However, the control of the interleaved boost converter associated with PEMFC should follow different strategies due the non-linear characteristics of the PEMFC [17, 18] . Indeed, any increase of the load current increases the PEMFC current. Hence, the PEMFC voltage decreases and the desired load voltage becomes unachievable [19] . The control of a superconducting magnetic energy storage (SMES) system for hybrid energy storage systems using fuel cells allows generating or absorbing load pulses to protect the fuel cell [20] . The proposed method shows good efficiency to control the variability of the load demand by using the load following control for auxiliary energy source. However, it could not be applied in a system using only a fuel cell. A boost converter working in differential and common mode is analysed in [21] . In differential mode, the converter allows one to regulate the ac output voltage. The common mode is adopted for current ripple reduction. The method is based on the use of repetitive controllers. Furthermore, a buck-boost DC-DC converter having a regulated output voltage was presented in [22] . The buck-boost was used as a second converter after a single-ended primary-inductance converter (SEPIC). The controller was designed in a way to have a regulated output voltage. In [23] , a three phase interleaved boost converter was proposed and analyzed. The simulation of the average model of the converter has shown a good performance in reducing the current ripple. On the other side of the fuel cell, the temperature should be stabilized in optimal range using appropriate techniques of control. Indeed, a control of temperature allows a 10% increasing of the output power [24] . In [25] , a real time optimization strategy was adopted to find the optimal value of the fuel flow rate. A maximum power point technique based on neural network was developed for the control of three phase interleaved boost converter. This method allowed to extract the maximum power from the fuel cell system under different temperature conditions. The voltage across the load was not regulated at reference value [26] . The sliding mode control of a coupled interleaved boost converter associated with a PEMFC system allows reducing the current ripples and regulating the load voltage at the presence of variable load. However, the adapted controller did not show the effect of the source conditions variation, i.e., temperature, pressure on the regulated output voltage [27] .
In this paper, the objectives of the proposed converter and its controller are the mitigation of the load pulses as well as the regulation of the output voltage. In comparison with the method and results presented in [21] , the proposed solution consists of the generating the required duty cycle to regulate the output voltage. The proposed PWM allows minimizing the ripple of current for all output voltage. This work adopts a non-conventional control technique based on the use of a neural network to control the interleaved boost DC-DC converter associated to the PEMFC. The remaining of the paper is organized as follows. Section 2 is dedicated to the presentation and the modelling of the PEMFC. In Section 3, the interleaved boost DC-DC converter is presented, analysed and simulated using Matlab-Simulink. In Section 4, the impact of external parameters on both load voltage and PEMFC voltage is quantified through simulations. The design of the new controller of the interleaved boost converter is presented in Section 5. Simulations results of the control of PEMFC-boost converter are presented and analysed in Section 6. Finally, conclusions and recommendations are summarized in Section 7.
Fuel Cell Modeling
In this paper, the considered model was developed in [1, 2] . The differences in equations of the model are summarized in the following expressions. The output voltage of an elementary cell is given by [1] :
where E 0 is the reversible voltage of the cell, called also the thermodynamic potential of the cell. This voltage is given by [2] :
The voltage drop in the PEMC due to the electrical and chemical factors is the sum of three voltages: activation voltage, ohmic voltage and the concentration voltage. Hence, the cell voltage is expressed as [1, 2] :
The activation losses are described by the activation overvoltage, V act [1] :
The term i FC is the fuel cell stack current. ξ 1 , ξ 3 and ξ 4 are constants, given respectively by [1, 2] :
The parameter ξ 2 depends to the membrane area and the concentration of hydrogen [1, 2] .
The oxygen concentration in the catalytic interface of the cathode is expressed by [1, 2] :
5.08 10 6 exp − 498 T
where P O 2 is the pressure of oxygen in the catalytic interface of the cathode. The ohmic voltage is given by [2] :
where R mem is the equivalent resistance of the membrane expressed as in [1] :
where l and A are respectively the thickness and the area of the membrane. The resistivity of the membrane, ρ mem , is given by [2] :
. exp 4.18
As a result of the concentration of reactants consumed in the reaction, a voltage called concentration overvoltage is defined and given by [2] :
The factor B is a parameter that depends to the fuel cell. The PEMFC is selected based on the maximum power required by the DC bus, which is about 1 kW. The required voltage on the DC bus is 60 V. Then, the PEMFC having the parameters given in Table 1 is selected. 
Interleaved Boost Converter
The classic boost converter used to step up the voltage is shown in Figure 1 . An insulated gate bipolar transistor (IGBT), inductor, capacitor and a diode, essentially compose the boost converter. The output voltage is controlled through the pulse width modulation (PWM) system. A constant signal equal to the duty cycle is compared to the carrier wave to generate the PWM signal to control the IGBT. During DT, the switch is closed and the diode is reverse biased. Accordingly, the variation of the inductor current is given by [6] :
When the switch is opened, the diode becomes forward biased to ensure a path for the current. Thus, the variation of the inductor current in (1 − D)T is given by [6] :
The average change current in the inductor is equal to zero. Therefore, the load voltage is expressed as follows [8] :
The maximum voltage of the PEMFC is 42 V. A boost converter is suitable to step up the voltage to reach the load voltage of 60 V. The inductor is selected to minimize the load current ripples to less than 0.5 A. The capacitor is sized to reduce the load voltage to less than 5 V. For a switching frequency and a duty cycle of 25 kHz and 0.5 respectively, the inductor and capacitor values are calculated. The boost converter parameters are summarized in Table 2 . The fuel cell boost converter system is simulated in Matlab-Simulink as shown in Figure 1 Figure 2a shows a load current ripple equals to 0.6 A. The load voltage oscillation is equal to 6 V as shown in Figure 2b . In the design of DC/DC converters, reducing the voltage and current oscillations leads to the selection of the best values of the inductor and the capacitor based on the following equations [6] :
To minimize the inductor current ripple and the output voltage ripple to the desired values, the inductor and capacitor must be resized according to Equations (14) and (15) . Normally, the major problem exists due to the size, weight and cost of high power inductor and capacitor.
Indeed, using high power inductor and capacitor will significantly increase the weight of the DC/DC converter. However, it is crucial to minimize the ripple and harmonic content of the current in the circuit in order to protect the fuel cell as well as to increase the life time of other components. Another solution was proposed to reduce the ripple current and harmonics is based on the use of what is called an interleaved power converter. 
Simulation of the Four Phases Interleaved Boost Converter
Interleaved converters, also called multiphasic, are used to minimize the voltage and current ripples using the same filter components [6] . Therefore, using such interleaved converters allows reducing the size of filter components. The proposed interleaved boost converter is shown in Figure 3 . The new boost converter is formed by a parallel combination of four sets of diodes, switches and inductors connected to a common capacitor and load. The PWM signals for the control of the four IGBTs is based on the PWM signal generated to control the first IGBT. Each IGBT control is shifted by a delay time equal to the fourth of the period. For a duty cycle of 0.25, the commutation sequence of the IGBTs is given as follows: For a duty cycle of 20%, the four PWM signals are shown in Figure 4 . The IGBTs are operating at 90 • out of phase producing currents that are 90 • out of phase. The load current is the sum of the four inductors current. Hence, the resultant load current has a smaller ripple and a frequency which is four times larger than that of the load current of the single phase boost converter. Figure 3 shows the four phases boost converter and the PWM control for the four IGBTs implemented in Matlab-Simulink. Figure 5a shows the variation of the stack current and electrical current in the load. It is clear in the figure that the current oscillations are reduced to less than 0.2 A. Moreover, the variation in current generated from the PEMFC is reduced. Therefore, the stack current is perfectly smoothed. This allows to increase the life time of the PEMFC. Figure 5b shows the voltage waveforms. Using the proposed four phases interleaved boost converter allows decreasing the load voltage ripple to less than 2 V. Moreover, the PEMFC voltage ripple is decreased considerably. 
Impact of External Parameters on the Output Voltage
To control the PEMFC voltage, it is required to supervise the inputs parameters of the fuel cell. Basically, the stack voltage depends to the pressure and flow rate of the fuel and the air supply. On the other hand, static characteristics show that the temperature of working environment has a strong effect on the PEMFC voltage. This section concerns the dynamic simulation of the fuel cell when varying different variables such as the fuel flow rate, the pressure, the air supply pressure, and the temperature of working environment. Hence, some simulations were carried out in the Matlab-Simulink environment to show the effect of the variation of the physical inputs on the load and PEMFC voltage. In this simulation the duty cycle is fixed at 0.5. Figure 6a shows the variation of the output voltage under temperature variation in three stages. As shown, the temperature has a strong effect on the output voltage of the fuel cell and the load voltage. Evidently, for a temperature equal to 273 K, the PEMFC voltage and the load voltage are equal to 18 V and 35 V, respectively. 
Neural Network Regulation
As presented in the last section, the load voltage depends on external variables like the temperature, fuel supply pressure, fuel flow rate and other PEMFC input variables. Therefore, any variation of the input variables affects considerably the PEMFC voltage and consequently the load voltage. However, in all industrial applications, especially the hybrid or electric vehicle, it is required to regulate the continuous bus. As a solution, the duty cycle must be updated to keep the load voltage to a desired output. Usually the proportional integral derivative (PID) controller and the proportional integral (PI) controller are used to adjust the duty cycle. However, due to the multiple inputs of the PEMFC like the hydrogen supply pressure, hydrogen flow rate, temperature, air supply pressure and air flow rate, it is compulsory to use a neural network to control the duty cycle.
The artificial neural network (ANN) was developed and recognized as efficient approach for the control of nonlinear systems [28] . During the last decades, the ANN contributed to the improvement of industrial applications where the systems presented complexity in control and modeling [29] . The ANN was used to control the power converters in many cases [29, 30] . Due to the multiple inputs of the fuel cell, the ANN is preferred in this case to control power converter by generating the duty cycle. Then, it seems clear that the inputs of the ANN will be the same inputs of the fuel cell in addition to the desired load voltage. The ANN controller will calculate the duty cycle according the fuel cell inputs and the desired load voltage. To achieve this objective, many tests were carried out in aim to prepare a database for the ANN.
The methodology consists on running the simulation for different values of duty cycle while keeping the same values of the inputs of the PEMFC and measuring the output voltage each time. The test is repeated for different values of the temperature, fuel supply pressure, fuel flow rate and air supply pressure. All these parameters can change at any time due to wrong manipulation or any fault in the external equipment used with the fuel cell such as the fuel compressor or the air-conditioning system. Figure 8a shows the variation of the duty cycle versus the load voltage for different values of the temperature. The data extracted from this graph formulate the first data to build the ANN. The inputs of the ANN are fuel flow rate, airflow rate, temperature, fuel supply pressure, air supply pressure and desired load voltage. The output of the ANN is the duty cycle. According to the values of the inputs, the ANN controller calculates the required duty cycle. To obtain a load voltage equal to 80 V, the duty cycle should be adjusted to 0.42 if the temperature of the PEMFC is about 400 K. To get the same load voltage for a temperature equal to 273 K, a duty cycle of 0.8 should be applied to the power converter. Therefore, it is required to adjust the duty cycle according to the desired load voltage and the temperature of the PEMFC. Figure 8b shows the variation of the duty cycle versus the load voltage for different values of the fuel flow rate. It is clear in Figure 8b below that for lower load voltage, the fuel flow rate does not have a strong effect on the duty cycle value. For the voltages less than 60 V, the graphs are superposed. However, for load voltage more than 65 V, the effect of the fuel flow rate is observed. Then, for higher fuel flow rate, the desired load voltage is obtained with smallest duty cycle. These samples of date are introduced to build the ANN controller. Figure 8c shows the variation of the duty cycle versus the load voltage for three different values of the fuel supply pressure. The load voltage values are obtained by running the simulation for each value of the pressure and varying the duty cycle from 0.1 to 0.9. The duty cycle is dependent on the load voltage and the fuel supply pressure. Figure 8d shows the variation of the duty cycle versus the load voltage for different values of the air supply pressure. The air supply pressure can be affected by external air parameters. The variation of the air supply pressure affects the fuel cell output voltage. Hence, it is required to study the effect of this parameter on the load voltage. The results presented in Figure 8d below show a non-linearity of the variation of the duty cycle versus the load voltage for each value of the air supply pressure. These samples of results obtained from simulations will be considered in the ANN design. In addition to other PEMFC inputs, the duty cycle must be updated according to the air supply pressure.
To design the ANN controller, all the data corresponding to the variation of the duty cycle versus the load voltage for different values of PEMFC inputs are considered. The ANN is trained with the back propagation neural network (BPNN) method. The BPNN has been adopted for the control of power converters and electrical machines in [28] . The method has been proved its efficiency. To measure the error during the training of the ANN controller, the mean squared error method is adopted. As shown in Figure 9 , the best training performance, achieved at epoch 2000, is 4.11 × 10 −7 . After training, the ANN controller is ready to be tested. In next section, the ANN connected to the fuel cell and the power converter is simulated to test the robustness of the developed control. Figure 10 shows the ANN controller implemented in Matlab-Simulink and associated with the interleaved boost converter and the PEMFC. The inputs of the ANN controller are the same inputs of the PEMFC in addition to the desired load voltage. Thus, any variation of the PEMFC inputs will affect the output of the ANN controller. Figure 11 shows the response of the load voltage to the variation of the load impedance. For all selected values of the load resistance, we can satisfactorily obtain the desired load voltage of 60 V. In the case of decreasing the load resistance from 15 Ω to 10 Ω, an overshoot of 26% is observed. The settling time is about 0.002 s. However, decreasing the load resistance from 10 Ω to 5 Ω will increase the overshoot and the settling time to 50% and 0.0036 s respectively. Overall, the reference voltage is reached and the regulator presents good robustness to regulate the load voltage. 
Implementation of the Neural Network Controller

Effect of the Load Impedance Variation
Effect of the Temperature Variation
To study the effect of the temperature variation on the load voltage, the temperature is increased from 273 K to 300 K at 0.005 s in first time. At 0.01 s an increment of 100 K is applied to the temperature input. Finally, the temperature is reduced to 350 K at 0.015 s. the temperature variation is shown in Figure 12a . The load voltage reference is set to 60 V. Figure 12b shows the variation of the duty cycle according to the variation of the temperature. Therefore, any increase of the temperature corresponds to a decrease of the duty cycle. Consequently, the ANN controller calculated to an optimal duty cycle of 60 V as load voltage.
The dynamic responses of the load voltage and the PEMFC voltage are presented in Figure 12c . The PEMFC voltage varies according to any change of the temperature. However, the load voltage is kept at the desired voltage. This is due to the perfect variation of the duty cycle according to any variation of the PEMFC inputs. An overshoots of 25% and 41% are observed at 0.005 s and 0.01 s respectively. These overshoots are satisfactorily attenuated. The dynamic responses of the PEMFC and load currents presented in Figure 12d show the strong variation of the PEMFC current due the variation of the PEMFC voltage. The load current is kept constant. The simulation results show the efficiency of the ANN controller in regulating the load voltage under strong variation of the PEMFC temperature. 
Effect of the Fuel Flow Rate
The nominal value of hydrogen flow rate is about 12.2 lpm. However, this parameter can be influenced at any time due to any fault in the compressor system. To test the response of the system when varying the fuel flow rate, we apply the increments shown in Figure 13a to the PEMFC and the ANN controller. The result presented in Figure 13b shows the variation of the duty cycle according to the variation of the fuel flow rate. Here, the ANN controller proves its robustness under different fuel flow rates. Figure 13c shows that the load voltage is kept to the desired voltage. Figure 13d shows the variation of the currents in both PEMFC and load. The PEMFC voltage has increased and decreased due to the variation of the fuel flow rate value. Even though the PEMFC output current has increased and decreased, the load current and voltage are retained at the same value. Thus, this test shows the efficiency of the ANN face to fuel flow rate variation. 
Variation of the Fuel Supply Pressure
Fuel supply pressure drops and increases are terms used to describe the reduction and the increase in the fuel pressure due to the compressor operation. Usually, a properly designed compressor system used for hydrogen supply to the PEMFC must have a constant pressure. However, any fault due to excessive usage can happen and affect the control of the fuel supply pressure. Excessive fuel pressure variation will contribute to poor PEMFC performance and excessive energy losses.
The proposed ANN should take in account the variation of the fuel supply pressure. To test the effect of the fuel supply pressure on the load voltage after implementation of the ANN controller, the increments of Figure 14a are applied to both PEMFC and ANN controller. The simulation results presented in Figure 14b , and Figure 14c show the effectiveness of the ANN controller in updating the duty cycle to regulate the load voltage to 60 V. Figure 14d shows the strong variations of the fuel cell current due to an increase of the fuel supply pressure. The ANN controller adjusts the duty cycle each time to regulate the load voltage. 
Variation of the Air Supply Pressure
On the other hand, the air supply pressure is also another factor affecting the performance of the PEMFC in best conditions. Any increase or decrease of the air supply pressure has an effect on the PEMFC voltage. Figure 15a shows the variation of the air supply pressure applied as input for the PEMFC and the ANN controller. Firstly, the air supply pressure is fixed to 1 bar. At the time 0.01 s, the air supply pressure is dropped to 0.1 bar. At the time 0.015 s, an increment of 1.9 bar is applied. Then the final value of the air supply pressure is 2 bar. The output of the ANN controller is presented in Figure 15b . The duty cycle is updated each time to keep the load voltage at the desired value, as shown in Figure 15c , under the variations of the PEMFC voltage resulted from the variation of the air supply pressure. The current ripple of the proposed converter-based neural network regulator for PEMFC applications is compared with current ripples obtained with techniques presented in [9, 26, 27] . The comparison results are listed in Table 3 . It is observed that using the proposed converter allows to obtain the lowest current ripples for the PEMFC. A comparative analysis of the proposed controller with proposed techniques in [20, 23, [25] [26] [27] in terms of capability of load voltage regulation in the case of load and source conditions variation is presented in Table 4 . It is clear that the proposed controller in this paper has good capabilities to regulate the load voltage under the variation of the load and source conditions. However, the other proposed techniques present some limits. Indeed, the variations of source conditions were not considered in some analysis. Table 3 . Fuel cell current ripple of the of the proposed converter and techniques presented in [9, 26] and [27] . 
Type of
Conclusions
To minimize the current and voltage ripples as well as regulating the load voltage, a four phases interleaved boost converter was proposed in this paper. The proposed converter has reduced the ripples of load voltage to less than 2 V. Therefore, using the interleaved boost converter minimized the PEMFC voltage and current ripples. A simple PWM control technique was developed and implemented under Matlab-Simulink for the control of the interleaved boost converter. Simulation results of the open loop control of the interleaved boost converter have shown the incapability to maintain the load voltage at desired value. Indeed, the variation of any external parameter increased or decreased the fuel cell voltage and consequently the load voltage. To overcome this issue, an artificial neural network controller was developed to regulate the load voltage at desired reference. The database used to build this ANN is composed of samples of duty cycle values, load voltage and input parameters of the PEMFC. Compared to other techniques used for the regulation of the fuel supply pressure, fuel flow rate, temperature and air supply pressure based on the use of proportional integral controller to regulate each variable, the proposed strategy allowed to regulate the load voltage with unique controller based on neural network. The simulation results of the interleaved boost converter controlled by the neural network controller show the efficiency and the robustness of the proposed converter to regulate the load voltage as well as minimizing the voltage ripples. The proposed controller showed that using limit number of tests allows to develop efficient ANN controller for the regulation of the load voltage. Therefore, the proposed method will be applied to other PEMFCs having different power range. In future work, a prototype will be developed to test the efficiency of such controllers in real conditions. The behaviour of PEMFC-supercapacitor hybrid system will be investigated to design adequate power converter suitable for such power equipment.
